Abstract Rice blast is one of the major fungal diseases that badly reduce rice production in Asia including Malaysia. There is not much information on identification of QTLs as well as linked markers and their association with blast resistance within local rice cultivars. In order to understanding of the genetic control of blast in the F 3 families from indica rice cross Pongsu seribu2/Mahsuri, an analysis of quantitative trait loci against one of the highly virulent Malaysian rice blast isolate Magnaporthe oryzae, P5.0 was carried out. Result indicated that partial resistance to this pathotype observed in the present study was controlled by multiple loci or different QTLs. In QTL analysis in F 3 progeny fifteen QTLs on chromosomes 1, 2, 3, 5, 6, 11 and 12 for resistance to blast nursery tests was identified. Three of detected QTLs (qRBr-6.1, qRBr-11.4, and qRBr-12.1) had significant threshold (LOD[3) and approved by both IM and CIM methods. Twelve suggestive QTLs, qRBr-1.2, qRBr-2.1, qRBr-4.1, qRBr-5.1, qRBr-6.2, qRBr-6.3, qRBr-8.1, qRBr-10.1, qRBr-10.2, qRBr-11.1, qRBr-11.2 and qRBr-11.3) with Logarithmic of Odds (LOD) \3.0 or LRS\15) were distributed on chromosomes 1, 2, 4, 5, 6, 8, 10, and 11. Most of the QTLs detected using single isolate had the resistant alleles from Pongsu seribu 2 which involved in the resistance in the greenhouse. We found that QTLs detected for deferent traits for the using isolate were frequently located in similar genomic regions. Inheritance study showed among F 3 lines resistance segregated in the expected ratio of 15: 1 for resistant to susceptible. The average score for blast resistance measured in the green house was 3.15, 1.98 and 29.95 % for three traits, BLD, BLT and % DLA, respectively.
Introduction
Rice blast disease caused by Magnaporthe oryzae [1] is one of the most limiting biotic factors for rice (Oryza sativae) production in Malaysia. The fungus has been a common problem in most rice growing areas and resulting in huge yield losses in every part of the world [2, 3] . It can cause huge reductions in the yield, even more than 50 % in large rice producing areas under conducive environmental conditions. Rice blast causes huge loss every year in Malaysia, in recent times due to severe outbreak it becomes the most important disease in rice. The most recent outbreak in Malaysia occurred in 2006 at Kemubu Agriculture Development Authority area in Pasir Puteh, Kelantan, where more than 60 % of 4,000 ha area cultivated with rice was devastated by blast disease [4] . M. oryzae is able to cause infection at all stages of the growth of rice crops [5] . First symptoms of the disease appear as small brown or greyish dots on the leaves. After 2-3 days the dots develop to almost 1.5 cm long and 0.3-0.5 cm wide diamond-shaped lesions with a grey or white centre. In addition to rice, this fungus can attack more than fifty other species of grasses [3] . Due to diverse and rapidly changing of pathogen this disease has never been permanently brought under control. Resistant variety breeding and using durable resistance genes in rice breeding are the major and economical methods currently used for the disease control [6] . A consistent strategy is to pyramid resistance (R) genes promising to provide durable resistance [7, 8] . High and stable levels of blast resistance are observed in some traditional rice cultivars, the complexity of reaction types and the quantitative nature of the resistance has made it difficult to transfer into susceptible varieties. Molecular characterization has high potential to help in the introduction of durably blast resistant rice cultivars thereby sustaining rice yields. Some recent studies [9, 10] verified that genetic linkage maps constructed with various DNA markers are very useful for the analysis and detection of qualitative and quantitative trait loci. SSRs marker due to, widespread distribution in the genome, and amenability to high throughput, low cost analyses are great for genome analysis. So far numerous genes and quantitative trait loci (QTLs) has been identified and localized in rice chromosomes associated with disease resistance, abiotic stress tolerance and yield potential of rice [11, 12] . Quantitative characters have been a major area of study in genetics for over a century. QTL mapping studies have been reported in most crop plants. A QTL is defined as ''a region of the genome that is associated with an effect on a quantitative trait''. Conceptually, a QTL can be a single gene, or it may be a cluster of linked genes that affect the trait. QTL analysis is usually undertaken in segregating mapping populations.
Combining genes for complete and partial resistance has long been advanced as a cure but it has been nearly impossible to achieve using conventional selection procedures [13] . Recent advances in molecular marker technology, such as development of tightly linked molecular markers, has made it possible to pyramid major genes and QTLs into one genotype and to simultaneously select several complex characters. Increasing crop production or plant disease resistance all requires the manipulation of quantitative traits. In the past few years, through DNA marker-technology several QTLs and blast resistance genes have been identified and localized on rice chromosomes [7, 12, 14] . Resistance to the blast fungus in rice has been particularly well characterised. In most of these studies, the association of major genes and minor QTL, environment 9 QTL interactions and the issue of durable resistance were all considered [7, 11, 15] .
In Malaysia there is not much information on QTL identification and their association with blast resistance within local rice germplasm. It is essential to initiate genetic studies on the local and traditional varieties that have been known to be resistant to blast disease. Therefore, the objectives of this study were genetic dissection and to identify the regions of the genome that affect resistance to rice blast in local rice germplasm and to analyze the effect of the QTL on the trait. Thus F 3 populations were analysed for resistance to the blast isolate and the number and chromosomal location of genes conferring blast resistance were detected by SSRs markers' linkage mapping and quantitative trait locus (QTL) analysis. The purpose was to reveal the QTLs' distribution, the effect of each gene locus for resistance, and the co-operation with other R genes. QTLs detected in this study, associated with blast resistance will provide the effective genetics evidences for the molecular marker assisted breeding and map based cloning of the major genes.
Materials and methods

Plant materials
Rice F 3 seeds were collected from three hundred F 2 individual plants (derived from cross of Pongsu Seribu 2 donor Variety and Mahsuri an indica susceptible rice cultivar). All the rice F 3 seeds were pre-germinated by soaking in water at 25°C for 48 h, and then were developed at the Malaysian Rice Research Centre, Mardi and used as rice materials for the resistance spectrum tests and QTL analysis. The experimental design was managed according a randomized complete block design with three replications.
Magnaporthe oryzae pathotype
One of the most virulent M. oryzae pathotypes P5.0 were obtained from the Malaysian Agricultural Research and Development Institute (MARDI), Seberang Perai. The pathotypes used in experiment were selected based on their virulence towards Mahsuri (Mh) and Pongsu Seribu 2 (PS2), where Mahsuri was susceptible and PS2 was resistant to the selected pathotype.
Media preparation and induction of M. oryzae sporulation Potato dextrose agar (PDA) was used as a media for growing selected pathotype of M. oryzae. PDA was prepared by mixing 100 g of potato in 1 L of water and boiled at 70°C for 1 h. The potatoes were then filtered out and the solution was added up to 1.0 L with water. After that, agar (13 g/L) was added into the solution and was autoclaved. The solution was then poured in 9 cm diameter Petri dish in the laminar flow cabinet and sealed with tape to avoid contamination [16] . Single spore isolation was carried out for the selected pathotypes. The isolation was carried out to make sure that the isolate was pure. The spores were isolated from a single colony onto a Petri dish under the microscope using sterile glass needle. Each colony was transferred to PDA slants and incubated at 28-30°C for 7 days and used as master culture.The selected M. oryzae pathotype were cultured at room temperature (RT). Plate cultures were seeded from the master culture and conidia were induced by scraping the mycelia on the culture with a sterile spoon. The colonies were then exposed under the fluorescent light at room temperature and covered with wet cotton muslin cloth for 5 days to induce sporulation. Relatively high humidity and suitable aeration are two important factors for optimum production of conidia.
Preparation of inoculums
Spores for inoculation were prepared as described by Chen et al. [17] and the concentration was adjusted to 1 9 10 5 spores/conidia per mL. The aerial mycelia were slightly washed off by gentle rubbing with a water soaked paintbrush. Later, the brush was soaked in sterile distilled water. The spore suspensions were filtered through nylon gauze mesh and adjusted to a concentration of 1 9 10 5 spores/mL using a haemocytometer. Before inoculation, 0.05 % Tween 20 was added to the suspension to increase the adhesion of the spores to the plant.
Pathogen inoculation and disease scoring
The entire inoculation experiment was replicated three times for M. oryzae isolates qP5.0. Twenty-two day old plants (ten plants per line), with three or four fully expanded leaves, were inoculated by spraying with 25 mL aqueous spore suspension (1x10 5 spores/mL) onto the leaves until run-off using an atomiser connected to an air compressor. Inoculated plants were incubated in moisture/dew chamber and the relative humidity was maintain 100 % for 24 h at 25-28°C after which they were placed in the greenhouse (controlled environment) at temperatures ranging from 25 to 30°C [16] . Three components of partial resistance, blast lesion degree (BLD), blast lesion type (BLT) and percentage disease leaf area (% DLA) were estimated and were considered separate traits ( Table 3 ). The scoring of traits, % DLA and BLT, was based on methods of Correa-Victoria and Zeigler [2] . Disease severity of 4 week old plants was scored using a rating from 0 to 100 % for % DLA and from 0 (highly resistant: no symptoms), 1-2 (lesions 1-2 mm, no sporulation), 3 (round lesions 2-3 mm with little sporulation), and 4 (spindle shaped lesions of more than 3 mm with heavy sporulation) for BLT. Scoring for BLD trait was carried out based on the Standard Evaluation System of International Rice Research Institute [18] and standardised protocol of Mackill and Bonman [19] . The lesions were scored from 0 to 9 as follows: 0 = no evidence of infection, 1 = brown specking indicative of an RH response (\0.5 mm in diameter), 3 = brown lesions of 0.5-1 mm wide, 5 = round to elliptical lesions of 1-3 mm in diameter (or length) with a grey centre, 7 = spindle shaped lesions with a grey centre, and 9 = coalesced type 4 lesions across the majority of the leaf.
SSR primers
One hundred and twenty-five pairs of SSR primers were selected carefully from the Gramene website (http://www. gramene.org) and were checked for polymorphism screening between the parents. Sixty-three polymorphic markers distributed on ten of 12 rice chromosomes were detected. Polymorphic microsatellite markers fluorescently-labelled at 5 0 -end with either 6-FAM or HEX dye from set G5 (Applied Biosystems), divided into 13 panels and were used for genotyping the F 3 . To design the SSR panels, markers were combined so that the allele size ranges of those labeled with the same fluorophore dye would differ by at least 20 bp, while markers that overlapped in allele size were distinguished by being labeled with different colored dyes.
PCR amplification for molecular analysis
The total genomic DNA of young leaves taken from the F 3 families' and two parents was extracted using the CTAB method as described by Grawel et al. [20] with minor modification. RNAse was added into the dissolved DNA of each sample and incubated for 30 min at 37°C. The concentration of DNA was detected with ultraviolet spectrophotometer. Quality of DNA was observed by running on 1 % agarose gel electrophoresis by staining with 0.1 lg/mL ethidium bromide using 19 TAE buffer at a constant voltage of 72 V for 30 min and visualised under UV light. DNA samples were diluted with sterile distilled water to a concentration of 20 ng and kept in a refrigerator at -20°C for PCR analysis. DNA were amplified through multiplex PCR as described in Archak et al. [21] with some modification. The PCR system was as follows a total volume of 15 lL: 109 PCR buffer 1.0 lL, 10 ng/lL DNA (1.0 lL), 0.1 lM each of primers, 80 lM dNTPs, 2 mM MgCl2 and Taq polymerase 0.5 U. Samples were amplified through GeneAmp PCR System 9700, Applied Biosystems, with following conditions: 5 min at 94°C, followed by 30 cycles of 1 min for 94°C, 1 min at three different temperatures 54, 55 or 57°C, 1 min at 72°C, and a final extension of 10 min at 72°C.
Fragment size determination
Genotyping assays were carried out on a capillary-based ABI PRISM3100 genetic analyzer (Applied Biosystems) according to the manufacturer's instructions. About 1 lL of the PCR product from two fluorescent dyes, 6-FAM or HEX was mixed with 0.13 lL of LIZ-500 internal size standard and topped up to a final volume of 10 lL of formamide (98 % formamide, 10 mM EDTA, blue dextran), placed in a 96 well microplate, followed by denaturation at 95°C for 5 min, immediately cooled to 4°C, and placed in the a capillary electrophoresis instrument (3100 Genetic Analyzer, ABI). Samples were run with POP-4 polymer matrix using the GeneScan 36 POP4 Default Module, with run condition of 60°C, 15 kV, and 25 min. Subsequently, fluorescent DNA fragments of each individual were scored using the Gene Mapper version 4.0, and allele size and peak-area of the true peaks were determined by Geno-typer version 3.7. The software provided the allele size (fragment length) and chromatograph of each individual. Microsatellite Fragment lengths were determined at the Agrotechnology and Biosciences Division laboratory, Malaysian Nuclear Agency.
Linkage mapping Molecular markers have been used to establish linkage maps for many crop species and they have been utilised to Disease lesion area of a rating from 0 to 100 % due to pathotype P5.0, 7 days after inoculation with blast spores. The SSR markers were distributed over 10 linkage groups (chromosomes) based on information from previous studies [24] . Recombination fractions were converted to centimorgans (cM) using the mapping function of Kosambi [25] .
QTL analysis
The genetic linkage map was used to identify and map QTLs associated with blast resistance in rice. QTL analysis was done using Map Manager QTX version b19 [22] and with QGene (version 4.2.3). Genotypes from the linkage map and quantitative data for resistance index were used for input into used software. The association between trait data and maker data was calculated by single-marker regression (SMR) and the locations of the detected QTL were estimated using simple interval mapping (SIM) [26] . Data of three replications of disease severity collected from the greenhouse experiments were used as trait data in QTL analysis. BLD, BLT and % DLA (Table 1 ) data were used for the QTL analysis. For interval mapping analysis the interval size was set at 2 cM, the Kosambi function was selected and the threshold value of the LOD score was considered as 3.0 for detecting the presence of a QTL [27, 28] . Putative QTLs were identified in regions exceeding 3.0 LOD (log-likelihood value or Logarithm of the odds ratio). Likelihood Ratio Statistics (LRS) as measure of the significance of the possible QTL were converted to the LOD score by dividing it by 4.61. The percentage of phenotypic variance (%PV) explained by a QTL and its additive effect (add) were calculated.
To increase the resolution of QTL locations and to identify additional QTLs Zeng [29] , the significant QTLs (LRS [15) through Map Manager QTX, were also analysed using composite interval mapping using Qgene package ver. 4.2. The significant level of the LOD threshold was examined by permuting the data, as implemented by the permutation analysis module [30] . Automatic cofactor selection using a forward/backward regression (forward p \ 0.01, backward p \ 0.01) was also performed with Qgene version 4.2 [31] . A putative QTL was reported if detected by single marker analysis and either interval mapping or composite interval mapping at a LOD [3.0. QTL were designated according to the method proposed by McCouch et al. [32] and Tabien et al. [7] with the following modifications. A ''qRBr'' prefix indicates a QTL for rice blast resistance. For example, a locus name 
Results
Phenotypic assay between parental varieties and F 3 families
The results of disease screening in early for the F 3 lines and the parents had been summarized in Fig. 1 (Table 2 ). In evaluation of partial resistance the average value at the seedling stage for F 3 lines for BLD, BLT and % DLA was 3.15, 1.98 and 29.95. The standard deviation was 1.85, 0.94 and 20.18 for these traits respectively. Among these traits, BLT showed the lowest range of variation and percentage of DLA showed the widest range of variation (Table 3 ). The resistance exhibited by the different F 3 lines was quite different phenotypically. Thus population displayed significant variation for blast severity.
Segregation in F 3 population
Analysis of Chi-square goodness of fit showed that resistance in F 3 families segregated in a 15R:1S ratio for plants with resistance to susceptible or 93.75 % for resistance and 6.25 % for susceptible for pathotype P5.0 (v 2 = 0.71). Indicated that resistance in the F 3 population derived from Pongsu Seribu 2 and Mahsuri for pathotype P5.0 is governed by two-locus interaction known as a duplicated dominant epistasis (Table 4) . Chi-square tests did not fit with the single and two genes model segregation ratios.
F 3 genotyping
Among 125 SSR markers tested on the parents, 63 were polymorphic. The results obtained from genotypic data 
Genetic linkage map
Marker data generated on 300 lines with 63 SSR primers were used for map construction. We have mapped a total of 63 markers with 808.5 discrete positions on the rice genome. The total length of the map was 3989.9 cM in the Kosambi function. These markers were distributed on chromosomes 1, 2, 3, 4, 5, 6, 8, 10, 11 and 12. Polymorphic markers were mainly distributed on chromosomes 2, 11, 1 and 6, leading to an expansion of these chromosomes. The arrangement of common SSR markers were in most cases consistent with those in previous published maps from the the Gramene database [33] (Fig. 3) .
QTLs resistance for rice blast
The QTL mapping for the three traits was performed by single-point marker analysis, interval mapping (IM) and composite interval mapping (CIM The amount of the total trait variance explained by a QTL at this locus, as a percent f The probability of an association this strong happening by chance g The additive regression coefficient for the association h The dominant regression coefficient for the association \15), in reduction of three traits BLD, BLT and % DLA against pathotype P5.0 (Table 8 ). The summarised results in Table 8 showed that the individual QTL controlled 2-16 % of the phenotypic variance in resistance to the blast pathotype P5.0. The combined QTL models accounted for about 70 % of the total observed phenotypic variation for disease index BLD and percentage DLA and 60 % of total phenotypic variation for BLT trait across experiment. QTLs for rice blast resistance against Pathotype 5.0 were detected and mapped on 9 linkage groups (chromosomes) of rice (Fig. 3 ). There were no QTLs detected on chromosomes 3, 7 and 9. The significant QTLs located on rice chromosomes for BLD, BLT and percentage of DLA for pathotype P5.0 namely qRBr-6.1, qRBr-11.4, and qRBr-12.1, with Logarithmic of Odds (LOD) [3.0 or LRS [15) were on chromosomes 6, 11 and 12 at RM8225, RM6293 and RM101 respectively. For two of these putative QTLs, qRBr-11.4, and qRBr-12.1 at RM6293 [chr11] and RM101 [chr12], the favourable allele was derived from Pongsu Seribu 2. The explained trait variance due to putative QTL was ranging from 8 to 16 %. The largesteffect QTL in our study was found on chromosome 6 for qRBr-6.1 locus at RM8225 with LOD scores of 7 (LRS = 32.4), where no QTL for blast resistance was Fig. 4 . In permutation analysis, the LOD score after 1000 iterations for three of detected QTLs, qRBr-6.1, qRBr-11.4 and qRBr-12.1 in region with interval markers RM8225-RM8226, RM6293-RM1233 and RM101-RM512, was found to be above threshold (alpha 5 % level). Suggesting the presence of putative QTL on chromosomes 6, 11 and 12 in F 3 population associated with significant reductions in BLD, BLT and % DLA against pathotype P5.0 ( Figures  S4, S5 and S6 ).
Discussions
In the recent decade, various studies related to QTLs of the blast resistance in early growth stage had been reported with the development of molecular marker technology. Nevertheless, the genetic mechanism had not been made clear because of its complexity and it needs to be studied further. In the present work F 3 families by using polymorphic molecular markers were genotyped. The genotypic data is then analyzed using a statistical package. We found markers linked to genomic regions (QTLs) that influenced blast resistance in this population. Linkage map with 63 SSRs markers was constructed and were used to locate QTLs on chromosomes 1, 2, 3, 5, 6, 10, 11 and 12. Three traits were studied for their QTLs, variation for the trait caused by a specific region and gene action associated with the QTL (additive and dominant effect) were also found. The largest-effect QTL in our study was found on chromosome 6 for qRBr-6.1 locus at RM8225 and explained 16 %, of the total phenotypic variance. Most of QTLs were located on linkage groups or chromosomes 6 and 11. From this comparison, we propose that the major gene(s) controlling blast resistance may be located on linkage groups 6 and/or 11. QTLs qRBr-6.1, qRBr-11.4 and qRBr-12.1 contributing on almost high level of trait variance or with major phenotypic effects in blast resistance on chromosomes 6,11 and 12, might be race-specific and other QTLs with minor phenotypic effects conferring resistance to blast could be nonspecific. Many reports mention that the genes affecting blast resistance are colocalized on chromosomes 6, 11 and 12 [11, 14, 34] . Based on single-marker analysis, 3 putative QTLs and 12 suggestive QTLs were detected in reduction of three traits BLD, BLT and % DLA associated with the field resistance to blast against pathotype P5.0. At least one QTL were found for each of three traits. In our study it was possible to relate one QTL to more than one trait. For example putative QTLs, qRBr-6.1, qRBr-11.4 and qRBr-12.1 were associated with all three traits and were detected using both of SMA and interval mapping methods. Most of the QTLs for these traits were located at the same region on chromosome or several QTLs of different traits were mapped on the same loci. QTL analysis result showed that 10 of our identified QTLs, qRBr-1.2, qRBr-2.1, qRBr-4.1, qRBr-5.1, qRBr-10.1, qRBr-10.2, qRBr-11.1, qRBr-11.3, qRBr-11.4, qRBr-12.1 on chromosomes 1,2,4,5,10,11,12 were found with negative additive effect or with alleles being contributed by Pongsu Seribu 2 are highly likely to confer durable resistance, introgression of these genes into sensitive variety through marker assisted selection should fulfil the objective of breeding for resistance to field blast. But 5 of the detected QTLs for the leaf blast resistance (QTLs with positive allele effect) were contributed by alleles from Mahsuri. This means, genes of blast resistance are derived from not only the resistant parent but also the susceptible parent. Some of our QTL were mapped to regions of previously identified Pi genes [14] , Such QTLs might be the major genes or candidate genes an allelic test, therefore, should be conducted to clarify the allelic relationship between the gene and QTL. Therefore combinations of major genes and QTLs are desirable for improved blast field resistance. In the previous study, using different mapping population partial resistance QTL has been identified on rice chromosome [12, [35] [36] [37] [38] . Although compared with previous reports some QTLs detected in this study were located on the same chromosome, they yet need to be further searched because of different molecular markers being used. QTLs that some of them share the same locus on the chromosome suggesting the existence of common locus for differentiation among rice varieties that could be considered as valuable QTLs because their specific stable. Since disease infection is influenced by environment; hence, this may lead to variation in the genotypic and phenotypic evaluation. Therefore, it is difficult to detect significant QTLs during linkage mapping analysis. The accuracy of phenotypic evaluation is also of utmost importance for the accuracy of QTL mapping [39] . The power to resolve the QTL location is limited first by sample size, and then by genetic marker coverage of the genome.
The larger the population, the more accurate the mapping study would be, and the more likely it is to allow detection of QTLs with smaller effects [39, 40] . In this study QTLs were detected by interval mapping and composite interval mapping. These two methods, when used together with single marker analysis, suggest the presence of putative QTLs that can be further tested for confirmation. The interval mapping approach is superior to the ANOVA approach in terms of both localization and estimation of the effects of QTL. 
